Introduction
A small pool of memory CD4 þ T cells latently infected with integrated but transcriptionally silent HIV proviruses has undermined all attempts at curative eradication of virus in HIV-infected patients. Although active replication of HIV can be reduced to undetectable levels by multidrug therapies, the long half-life of these latently infected memory CD4 þ T cells predicts that treatment must be continued for more than 60 years for effective clearance of this reservoir (Finzi et al, 1997; Siliciano et al, 2003) . Systemic reseeding of HIV from this latent reservoir appears to play an important role in the recrudescence of viral replication that routinely follows the withdrawal of antiviral therapy in fully suppressed patients. To advance therapeutic strategies beyond an expectation of life-long treatment, novel approaches for dealing with the latent HIV reservoir must be developed (Pomerantz, 2003) . An important first step toward this goal is to understand at a molecular level how HIV latency is established and maintained.
HIV latency is associated with a lack of proviral gene expression. Thus, latently infected memory CD4 þ T cells differ from their uninfected counterparts only by the presence of the integrated and transcriptionally silent HIV provirus. Expression of the viral genome is regulated by the enhancer and promoter elements contained within the HIV long terminal repeat (LTR) located at the 5 0 end of the integrated HIV provirus (see Rohr et al, 2003 for review) . In the prevailing model of HIV transcription, the RNA polymerase II (RNA Pol II) complex is constitutively bound to the HIV promoter and persistently initiates the synthesis of short RNA transcripts (Kao et al, 1987; Ratnasabapathy et al, 1990; Yankulov et al, 1994) . However, in the absence of the virally encoded transactivating protein Tat or cellular activation signals, the processivity of this bound polymerase is sharply limited, leading to the production of abortive short viral transcripts (Laspia et al, 1989) . Tat binds to an RNA stem-loop structure termed the transactivating responsive element (TAR), which is located at the 5 0 end of all initiated viral transcripts (Kao et al, 1987) , and also recruits cellular cyclin T1 and CDK9 proteins (the p-TEFb complex), which phosphorylate multiple serines in the C-terminal domain (CTD) of RNA Pol II (Zhu et al, 1997) . These events culminate in an elongating RNA Pol II complex that effectively synthesizes full-length HIV transcripts (Marshall and Price, 1995; Zhou et al, 1998) . Similarly, induction of transcriptionally active NF-kB strongly promotes recruitment of RelA to kB-binding sites within the LTR, driving the initiation and elongation of HIV transcripts (West et al, 2001) . Of note, RelA also binds p-TEFb, providing a Tat-independent mechanism for initial RNA Pol II-dependent synthesis of HIV Tat mRNA (Barboric et al, 2001) .
The prototypical NF-kB transcription factor is a positively acting heterodimeric complex composed of RelA and NF-kB1 p50 (see Hayden and Ghosh, 2004 for review) . Both RelA and p50 bind DNA through a shared Rel homology domain; however, RelA also contains C-terminal transcriptional activation domains (TAD), whereas p50 does not. In the absence of NF-kB activating stimuli, RelA-p50 heterodimers are bound by a specific inhibitor, IkBa, which prevents this transcription factor from associating with cognate kB enhancers present in NF-kB-responsive target genes. In unstimulated cells, NF-kB1 p50-p50 homodimers are the predominant nuclear species of Rel proteins and bind a range of NF-kB-responsive genes in vivo. The ability of NF-kB1 p50 to bind DNA coupled with its lack of a TAD has suggested that p50-p50 homodimers may act as kB-specific transcriptional repressors. Consistent with this notion, p50 homodimers also bind to histone deacetylases (HDACs) and recruit these enzymes to various NF-kB target genes under basal conditions (Zhong et al, 2002) , where they promote deacetylation of surrounding histones and reduced basal transcriptional activity.
Histones are subject to dynamic covalent modifications that modify gene expression, including acetylation, methylation, ubiquitylation, and ADP-ribosylation (Khorasanizadeh, 2004) . Compaction of chromatin associated with HDACmediated deacetylation of histone tails can markedly reduce the binding of basal transcription factors to their DNA targets. In contrast, histone acetylation induced by histone acetyltransferases (HATs) is associated with relaxation of chromatin structure, a characteristic of transcriptionally active genes (Kurdistani and Grunstein, 2003) . The integrated HIV provirus is assembled into an ordered chromatin structure altered by NF-kB-inducing stimuli or inhibitors of HDAC activity (Pazin et al, 1996; Van Lint et al, 1996) . How this restructuring impacts HIV transcription is unclear.
The exceeding rarity of latently HIV-infected cells coupled with the lack of a distinctive surface marker makes purification and biochemical analysis of these cells impractical. As an experimentally tractable and relevant model of postintegration HIV latency, we have employed Jurkat CD4 þ T-cellbased J-Lat clones to explore the molecular underpinnings of HIV latency (Jordan et al, 2003) . J-Lat cells contain a single, full-length integrated HIV provirus in which GFP has been substituted for Nef. This substitution allows rapid assessment of HIV transcriptional activity by cytometric detection of GFP epifluorescence. Our recent studies have shown that NF-kB-inducing agents rapidly promote the binding of RelA to the latent HIV LTR, leading in turn to GFP expression (Williams et al, 2004) . In the present study, we explored how HIV proviral latency is maintained in J-Lat cells, investigating the potential role of kB-specific transcriptional repressors. Using chromatin immunoprecipitation (ChIP) analyses, we found that the HIV LTR is actively repressed through local histone deacetylation and restriction of promoter access to RNA Pol II mediated by NF-kB1 p50-HDAC1 complex binding.
Results

RNA Pol II binding to the HIV LTR is greatly reduced in latently infected T cells
To examine the potential occupancy of the kB enhancers in the HIV LTR of latently infected human CD4 þ T lymphocytes, we first assessed NF-kB1 p50 and RelA binding in ChIP assays using the human J-Lat T-cell model of postintegration HIV latency. J-Lat T cells were incubated with or without TNF-a (20 ng/ml) for 30 min, formaldehyde-crosslinked sheared chromatin extracts were prepared, and these extracts were immunoprecipitated with antibodies specific for RelA, NF-kB1 p50, or RNA Pol II. These immunoprecipitates were then interrogated for the presence of HIV-1 LTR sequences spanning the kB enhancers by PCR ( Figure 1B , lanes 1 and 2). More distal HIV sequences ( Figure 1B , lanes 3 and 4) and DNA 3 kb upstream ( Figure 1B , lanes 5 and 6) or downstream of the b-actin promoter ( Figure 1B , lanes 7 and 8) served as specificity controls ( Figure 1B , lanes 5 and 6). RelA or RNA Pol II antibodies did not detectibly co-immunoprecipitate HIV LTR DNA in unstimulated samples, suggesting that these factors do not bind to the LTR in unstimulated J-Lat cells in vivo ( Figure 1B , lane 1). In contrast, unstimulated samples immunoprecipitated with NF-kB1 p50 antibodies were strongly enriched in HIV LTR DNA, suggesting constitutive binding of NF-kB1 p50 to the latent LTR ( Figure 1B, lane1) .
Immunoprecipitation of TNF-a-stimulated samples with antiRelA and anti-RNA Pol II antibodies led to marked enrichment in HIV LTR DNA, indicating the recruitment of both RelA and RNA Pol II under these stimulated conditions. Binding of NF-kB1 p50 did not appreciably change with TNF-a stimulation ( Figure 1B , lane 2). The absence of detectable binding of RNA Pol II to the latent HIV LTR by ChIP under unstimulated conditions was surprising in view of the prevailing model of a constitutively bound but non-processive polymerase in the absence of Tat or activating stimuli. To confirm that generalized immunoprecipitation of DNA-associated RNA Pol II was not TNF-a dependent in all situations, anti-RNA Pol II immunoprecipitation was performed and followed by interrogation of a constitutively transcribed region of the b-actin gene (b-ACT DS), expected to associate with RNA Pol II under basal conditions. b-ACT DS DNA was readily detected in both untreated and TNF-a-stimulated samples ( Figure 1B , lanes 7 and 8, third panel), demonstrating stimulation-independent association of RNA Pol II association with a constitutively transcribed cellular gene. To assess whether RNA Pol II was similarly present on downstream regions of HIV DNA, a real-time indicator of effective polymerase elongation (Sandoval et al, 2004) , immunoprecipitated samples were assessed for enrichment in HIV Pol DNA (DS HIV). RNA Pol II antibodies strongly enriched HIV DS DNA in TNF-a treated but not untreated samples, indicating that cellular activation was required for the appearance of an effective elongating Pol II complex ( Figure 1B, lanes 3 and 4, third panel) .
The detection of HIV LTR DNA with antibodies specifically reacting with NF-kB1 p50 and RelA after TNF-a induction is consistent with the recruitment of p50 and RelA as a heterodimeric NF-kB complex (p50/RelA). However, this analysis did not exclude the possibility that homodimers of p50 and RelA were recruited to separate HIV LTR DNA fragments. To distinguish between these possibilities, sequential ChIP (seqChIP) with antibodies specific for RelA or p50 was performed. TNF-a stimulated, but not unstimulated, samples incubated with anti-RelA antibodies in both the first and second rounds of immunoprecipitation were highly enriched in HIV LTR DNA ( Figure 1C , lane 3). Immunoprecipitation first with anti-RelA and then with anti-p50 showed enrichment in HIV LTR DNA only after TNF-a induction ( Figure 1C , lane 4), indicating coassociation of RelA and NF-kB1 p50 with a common fragment of HIV LTR DNA. To confirm this result, we performed seqChIP in the reverse manner, using anti-p50 antibodies in the first immunoprecipitation and anti-p50 or anti-RelA antibodies in the second. In unstimulated cells, HIV LTR binding of p50, but not RelA, was detected; however, in TNF-a-treated samples, RelA-bound HIV LTR DNA was detected in the anti-p50 immunoprecipitates ( Figure 1C , lane 8), supporting the conclusion that the HIV LTR in TNF-a-activated cells is bound by p50/RelA heterodimers.
NF-jB1/p50 knockdown induces increased basal transcription of latent HIV
In view of the constitutive binding of NF-kB1 p50 to the latent HIV LTR, we investigated the possibility that p50, which lacks a transactivation domain, might function as a transcriptional repressor of the HIV LTR, thereby reinforcing HIV latency in these cells. To assess this possibility, a small hairpin RNA (shRNA) targeting NF-kB1 p50 was cloned into an expression vector coexpressing mouse MHC class I H2K k , the latter permitting rapid identification of successfully transfected cells. J-Lat cells were transfected with various quantities of p50-shRNA vector, stained for H2K k expression, and H2K kexpressing cells were enriched by cell sorting. Whole-cell lysates were prepared and analyzed by immunoblotting for NF-kB1 p50 expression. Cells transfected with the p50-targeted shRNA vector exhibited an shRNA dose-dependent decrease in NF-kB1 p50 expression (Figure 2A) .
HIV gene expression within these p50-shRNA-transfected cells was examined by flow cytometric analysis of LTR-driven GFP expression in J-Lat cells. In contrast to the induction achieved with TNF-a stimulation, p50-shRNA transfection was not sufficient to drive multi-log increases in GFP expression (data not shown); however, cells transfected with p50-shRNA consistently displayed higher GFP fluorescence as measured by increased mean geometric fluorescence ( Figure 2B ). Induction of p50-shRNA-transfected cells with TNF-a produced a GFP expression response in a similar percentage of the cells as observed with untransfected cells (data not shown). Taken together, these data suggest that a modest increase in HIV transcription occurs following 'knockdown' of p50 expression in the absence of additional cellular stimulation.
HDAC1 is recruited to the latent HIV promoter and is inducibly removed NF-kB1 p50 has been suggested to act as a transcriptional repressor not only because it lacks a TAD but also because it assembles with HDAC1. HDAC1 action is associated with repressive changes in chromatin structure, leading to diminished transcription (Zhong et al, 2002) . To assess whether p50 effectively recruits HDAC1 to the latent HIV LTR, J-Lat chromatin extracts were immunoprecipitated with specific HDAC1 antibodies. The immunoprecipitates were enriched in HIV LTR DNA, indicating that HDAC1 is associated with the latent HIV LTR ( Figure 3A ). In contrast, immunoprecipitation of HDAC4 or HDAC7 did not yield similar enrichment in HIV LTR DNA (data not shown). To assess the effect of cellular activation and the recruitment of p50/RelA complexes to the HIV LTR on HDAC1 binding, chromatin extracts from TNF-atreated cells were analyzed by ChIP. Levels of HIV LTR DNA detected with anti-HDAC1 antibodies were markedly decreased in TNF-a-treated samples ( Figure 3A ). This finding suggests that an HDAC1-containing complex is inducibly depleted from the HIV LTR upon TNF-a induction, consistent with the notion that HDAC1 is recruited to the HIV LTR by a transcriptionally repressive p50-p50 complex constitutively bound to the HIV LTR under basal conditions, which dissociates upon induction of p50/RelA binding. Similar results were observed with PMA stimulation, indicating that NF-kBinducing stimuli with alternate upstream signaling intermediates correspondingly regulate transcription factor recruitment to the HIV LTR (Supplementary Figure 1) . HDAC1 recruitment to the HIV LTR was strongly reduced by TNF-a treatment, but binding of the deacetylase was not entirely eliminated. To assess whether the residual HDAC1 is bound to the HIV LTR in concert with RelA, seqChIP assays were performed. Untreated chromatin extracts were first immunoprecipitated with anti-HDAC1 antibodies and then with anti-p50 antibodies. The immunoprecipitates were highly enriched in HIV LTR DNA, supporting the notion that NF-kB1/p50 and HDAC1 exist in an interacting complex on the latent HIV promoter ( Figure 3B , lane 4, top panel). TNF-a stimulation reduced this enrichment ( Figure 3B , lane 4, bottom panel), likely reflecting the replacement of p50 homodimers with p50/RelA heterodimers ( Figure 3B , lanes 9 and 11). Secondary immunoprecipitation of anti-HDAC1-immunoprecipitated samples with anti-RelA or anti-RNA Pol II antibodies revealed no detectable enrichment in unstimulated or TNF-a-induced samples, suggesting that HDAC1 is excluded from RelA-or RNA Pol II-containing complexes ( Figure 3B , lanes 5 and 6). In contrast, after TNF-a stimulation, sequential immunoprecipitation of p50 and RelA or p50 and RNA Pol II complexes was highly enriched in HIV LTR DNA ( Figure 3B, lanes 11 and 12) . Thus, the residual HDAC1 present in the TNF-a-treated samples likely reflects either continued binding in the subset of cells that did not respond to the stimulus or recruitment of HDAC1 to the promoter through its association with a different factor.
Inhibition of HDAC activity is associated with RNA Pol II recruitment to the latent HIV LTR and transcriptional initiation but not elongation
To further assess the role of p50-dependent recruitment of HDAC1 in repression of HIV transcription, J-Lat cells were treated with trichostatin A (TSA), a cell-permeable chemical inhibitor of class I/II HDACs. Analysis of GFP expression revealed a fourfold increase in GFP expression as measured by mean geometric fluorescence, a pattern similar to that observed with p50-shRNA (data not shown). One key function of HDACs is the deacetylation of local histone tails, which alters chromatin structure and is associated with impaired transcription of resident genes. To assess the acetylation status of the histones surrounding the latent HIV LTR before and after activation, chromatin extracts were prepared from J-Lat cells treated with TSA or TNF-a and immunoprecipitated with antibodies specific for acetyl-K14 histone H3. Samples treated with TNF-a or TSA, but not untreated controls, were strongly enriched in HIV LTR DNA ( Figure 4A , top panel). K14 acetylation of histone H3 is associated with a less compacted chromatin structure, which correlates with increases in the access of basal transcription factors to DNA and transcriptional activation.
To assess the effect of HDAC inhibition on the association of basal transcription factors with latent HIV LTR DNA, extracts were immunoprecipitated with RNA Pol II antibodies. Both TNF-a and TSA treatments were associated with enhanced binding of RNA Pol II to the HIV LTR ( Figure 4A , second panel). Next, we investigated whether the CTD of RNA Pol II was phosphorylated, a change that signifies a fully active elongating polymerase complex. While both TSA and TNF-a treatment induced greater binding of RNA Pol II, only TNF-a induced phosphorylation of its CTD ( Figure 4A , third panel). ChIP assays further showed that TSA did not interfere with the binding of RelA or NF-kB1 p50 to the HIV promoter ( Figure 4A , fourth and fifth panels, and data not shown).
To test independently whether TSA induction was insufficient to induce RNA Pol II processivity, samples immunoprecipitated with anti-RNA Pol II antibodies were probed for enrichment of downstream HIV DNA. TNF-a stimulation induced strong enrichment of DS HIV, but TSA did not ( Figure 4B, top panel) .
To explore the functional relevance of the association of RNA Pol II with HIV LTR and DS DNA, initiated versus elongated HIV transcripts were measured by quantitative real-time RT-PCR with probe sets targeting HIV TAR in the 5 0 60 bp or the HIV Tat exon 1, roughly 5 kb downstream of the HIV LTR. The specificity of primers and the ability to isolate short transcripts were confirmed through analysis of samples treated with TNF-a alone or in combination with DRB, an inhibitor of CDK9-dependent RNA Pol II phosphorylation (data not shown). To assess the effect of TSA on transcription of HIV from the latent promoter, RNA was extracted from J-Lat cells treated with TNF-a, TSA, and untreated controls, and initiated and elongated transcripts were quantified. TSA induced a fourfold increase in initiated HIV transcripts, but failed to enhance elongated transcripts ( Figure 4C , gray bars). In contrast, TNF-a increased initiated transcripts eightfold and elongated transcripts from a level below the detection threshold to over 30 copies per cell ( Figure 4C , black bars). These observations coupled with the ChIP data highlight a key role for HDAC-mediated inhibition of RNA Pol II association with the latent HIV LTR in the basal state, and consequent reduction of transcriptional initiation. While inhibition of HDAC activity is associated with increased RNA Pol II binding, this polymerase remains unphosphorylated in its CTD and only capable of generating short viral transcripts.
NF-jB1/p50 regulates HDAC1 recruitment to the latent HIV promoter
To determine if recruitment of HDAC1 to the HIV LTR is dependent on NF-kB1 p50 expression, polyclonal populations of J-Lat cells stably expressing p50-shRNA or scrambled control shRNA were isolated. Immunoblotting of the p50-shRNA cells revealed marked reduction of NF-kB1 p50 expression compared with the control or parental cell lines ( Figure 5A ). Immunoprecipitation of chromatin extracts of these cells with anti-p50 antibodies revealed strong enrich- Figure 5B , second panel). In uninduced p50-shRNA cells, the association of HDAC1 with the latent HIV LTR was markedly reduced ( Figure 5B , third panel), supporting a key role for p50 in the recruitment of HDAC1 to the latent HIV LTR. Consistent with the predicted effect of the removal of local HDAC activity, anti-acetyl-K14 histone H3 immunoprecipitates revealed marked enrichment in HIV LTR DNA in unstimulated p50-shRNA samples, but not in unstimulated controls ( Figure 5B , fourth panel). The transcriptional consequences of reduced NF-kB1 p50 expression were further explored. Unstimulated p50-shRNA samples immunoprecipitated with anti-RNA Pol II antibodies revealed a strong enrichment in HIV LTR DNA, suggesting increased polymerase binding in the absence of p50. In contrast, no detectable enrichment was observed in the scrambled control shRNA samples. Immunoprecipitation with anti-phospho-RNA Pol II antibodies, however, showed little or no enrichment in HIV LTR DNA in either control-or p50-shRNA-treated samples in the absence of stimulation ( Figure 5B, sixth panel) .
The observed increase in HIV LTR RNA enrichment in RNA Pol II from cells expressing p50-shRNA and the absence of enrichment in phospho-RNA Pol II suggest that an unphosphorylated, non-elongating RNA Pol II complex is recruited to the latent HIV LTR in the absence of p50. These results were similar to those obtained with TSA-treated cells, suggesting a common mechanism of action. To further test this notion, control-and p50-shRNA stably transfected cells were treated with TSA or left unstimulated, and initiated or elongated HIV transcripts were quantified by real-time PCR. Initiated HIV transcripts were increased by TSA stimulation in controlshRNA cells. In contrast, and like TSA-treated cells, initiated HIV transcripts in untreated p50-shRNA cells were elevated relative to untreated controls ( Figure 5C ). Further, treatment of p50-shRNA cells with TSA induced only a modest additional increase in the level of initiated transcripts. Either TSA treatment or p50 knockdown was sufficient to promote the accumulation of initiated HIV transcripts but did not appreciably increase elongated transcripts. The fact that reduction of p50 expression was associated with hyperacetylation of histones surrounding the latent HIV promoter is consistent with the observed p50-dependent recruitment of HDAC1 in unstimulated cells. The failure of TSA to further increase initiated transcript formation in p50-shRNA samples adds additional support to the notion that these manipulations alter the same pathway leading to modulation of LTR transcription. To examine whether NF-kB1 p50 similarly limits the transactivating potential of Tat in latently infected cells, p50-or scramble-shRNA stable cell lines were transfected with control, Tat, or RelA expression vectors. Expression of Tat strongly promoted production of GFP in p50 knockdown cells, but not in the control p50 scramble-shRNA cells ( Figure 6C ). Further, treatment of Tat-transfected p50-shRNA cells with TSA did not appreciably enhance GFP expression above levels in untreated controls (data not shown), again suggesting that these manipulations likely exert their Tat-sensitizing effects through a common mechanism.
NF-jB1/p50 knockdown or TSA sensitizes latent HIV transcription to Tat
These results strongly favor a model where NF-kB1 p50-HDAC1 complexes promote the maintenance of HIV latency through changes in chromatin structure that impair effective recruitment of RNA Pol II. The absence of RNA Pol II binding to the latent HIV LTR and the consequent failure of transcriptional initiation render these cells unresponsive to Tat.
Discussion
In this study, we used the J-Lat model of postintegration HIV-1 latency to investigate the potential role of kB-specific transcriptional repressors in the maintenance of viral latency. We found that the latent HIV LTR in J-Lat cells is constitutively bound by p50, likely as a p50-p50 homodimer. Additionally, we found that p50 mediates recruitment of HDAC1 to the latent LTR, leading to deacetylation of local histone tails and thus altering the chromatin environment ( Figure 7A ). The resultant changes in chromatin structure limit the association of RNA Pol II with the latent proviral LTR, emphasizing how p50-HDAC1 repressor complex reinforces transcriptional latency of the integrated HIV provirus. These repressive effects are forfeited either when NF-kB1 p50 expression is knocked down by shRNA or when the enzymatic activity of HDAC1 is inhibited by the addition of TSA ( Figure 7C and D) . Under these conditions, chromatin structure is altered in a manner that favors increased RNA Pol II binding and enhanced initiation of HIV transcription. Yet, in the absence of transcriptional activators like RelA or the viral Tat protein, the bound polymerase does not effectively elongate, reflecting the absence of cyclin T1-CDK9-mediated phosphorylation of the CTD of the polymerase.
Our findings thus support a model where p50-dependent changes in the chromatin structure of the latent HIV LTR importantly contribute to the maintenance of proviral latency. These results extend and modify a prevailing model of HIV latency, which proposes that constitutive association of RNA Pol II can initiate transcription, but cannot efficiently support elongation in the absence of Tat (Kao et al, 1987) or activated NF-kB (West et al, 2001) . However, as noted earlier, HIV latency is likely multifactorial and blocks could occur at different levels in different latently infected cells (Lassen et al, 2004) .
The function of p50 as a transcriptional repressor of the latent HIV LTR involving the recruitment of HDAC1 is very similar in many respects to the reported regulation of IL-8 gene expression (Zhong et al, 2002) , a TSA-responsive host gene (Ashburner et al, 2001) . The latent HIV and IL-8 promoters are both enriched in acetylated histone H3 after TSA treatment and are constitutively bound to repressive HDAC1/p50-containing complexes, supplanted by active p50/RelA heterodimers (Baek et al, 2002) . However, the fact TSA is sufficient to drive IL-8 gene expression but is insufficient to activate the latent HIV LTR highlights an important difference in the regulation of these transcription units. Studies in HeLa cells identified HDAC1 repression of an integrated HIV reporter in HeLa cells through its association with YY1 and LSF (Coull et al, 2000; He and Margolis, 2002) . In our studies, shRNA knockdown of p50 expression reduced, but did not eliminate, the association of HDAC1 with the HIV LTR. The residual binding of HDAC1 might reflect LSF/ YY1-mediated recruitment of the deacetylase to regions downstream of the kB-binding site. Studies of YY1 association with the latent HIV LTR in the J-Lat system did not show a reduction of YY1 binding to the promoter upon activation of gene expression (data not shown). It is possible that both YY1/LSF and p50-p50 homodimers are required to efficiently recruit HDAC1 and that the association of the deacetylase with the LTR involves coordinated recruitment by both factors. Such a scenario could explain the residual HDAC1 binding to the LTR after p50 shRNA knockdown.
The transcriptional activity of NF-kB is itself modulated by dynamic acetylation. For example, RelA acetylation by p300/ CBP enhances its nuclear retention and transactivation potential (Chen et al, 2001) . Additionally, NF-kB1 p50 is inducibly acetylated, promoting increased binding to and transcriptional activation of the COX-2 and iNOS promoters in the context of p50/RelA heterodimers . Of note, we found no change in the binding of NF-kB1 p50 to the latent HIV LTR in TSA-treated samples, nor was binding of RelA induced. In contrast, TSA induced strong acetylation of histone H3, supporting the notion that local HDAC activity promotes the deacetylation of histones arrayed around the HIV LTR. These findings suggest that the enrichment in RNA Pol II at the latent HIV promoter in TSAtreated cells is principally a consequence of histone modification rather than modulation of transcription factor binding.
Our observations are limited to the analysis of various JLat T-cell clones containing latent HIV proviruses. Unfortunately, it is not currently possible to identify and purify primary CD4 T cells latently infected with HIV in sufficient numbers to confirm these results in primary cells. However, in a prior study of viral propagation from cultures enriched in latently infected cells, the addition of the HDAC inhibitor valproic acid proved sufficient to rescue low-level viral recovery (Ylisastigui et al, 2004) . Thus, the processes we have observed in the J-Lat system may reflect important biological events underlying HIV latency in vivo. Our observations suggest that HDAC inhibitors might be valuable adjuncts in future strategies aimed at eliminating the latent reservoir in infected patients. Indeed, our findings raise the interesting possibility that HDAC inhibitors in combination with Tat could prove a potent combination for activation of latent HIV proviruses. Such a strategy would be facilitated by the 'protein transducing' properties of Tat, which allow its successful transit across cellular membranes.
Materials and methods
Cell lines and culture conditions J-Lat 6.3 cells were maintained in RPMI with 10% fetal calf serum, penicillin, streptomycin, and L-glutamine. For stimulation, cells were treated with 20 ng/ml TNF-a (R&D Systems) or 100 nM TSA (Calbiochem), alone or in combination. For pulsed stimulation with TSA, cells were incubated with 400 nM TSA for 1 h, washed in medium, and suspended in complete medium. pMACSDSV40. pTER.NF-kB1/p50 and pTER.Scramble were digested with EcoRI/HindIII, and the resulting fragment containing the modified H1 promoter and shRNA sequence was ligated into pMACSDSV40 digested with EcoRI/HindIII to produce pMT.NF-kB1/ p50 and pMT.Scramble vectors encoding both the targeted shRNA cassette and the H-2K k marker of transfection driven by the PGK promoter.
Transfection and flow cytometric detection of transfected cells
Transfections were performed by electroporation as described (Williams et al, 2004) . After 16 h of incubation, the cells were stained with biotin-anti-H-2K k antibody, washed, and counterstained with streptavidin-APC (Pharmingen). Cells were analyzed on a FACSCalibur flow cytometer (Becton Dickinson) using FlowJo software (Treesoft). Cells were sorted with a FACS-DIVA (Becton Dickinson).
To produce stably transfected cell lines, cells were transfected with pMT.NF-kB1/p50 or pMT.Scramble vectors. At 7 days after transfection, H-2K k -positive cells were enriched by fluorescencebased sorting. This process was repeated four times at 7-day intervals, resulting in 495% of cells expressing the H-2K k marker of transfection.
Chromatin immunoprecipitation J-Lat 6.3 T cells were adjusted to 1 Â10 7 cells/ml and incubated in medium or stimulated with TNF-a (20 ng/ml) for 30 min or TSA (100 nM) for 4 h. ChIP assays were performed as described (Williams et al, 2004) . Similarly, the lack of CTD kinases recruited to the LTR in this context produces a non-processive RNA polymerase complex.
For seqChIP experiments, following an initial round of ChIP and washing, the immunoprecipitated complexes were eluted in buffer containing 1.5% SDS and heated to 651C for 15 min. Samples were then diluted 10-fold in elution buffer and 10 ml of the second antibody was added. Samples were incubated with agitation at 41C for 2 h, followed by the addition of salmon sperm DNA/agarose protein A beads at 41C for 2 h. Antibody-bead complexes were washed and eluted as described in the standard ChIP protocol.
For detection of specific HIV-1 LTR sequences in the ChIP eluates, DNA oligonucleotide primers LTRkBprimer5 (5 0 -AGGTTTGA CAGCCGCCTA-3 0 ) and LTRkBprimer3 (5 0 -AGAGACCCAGTACAGG CAAAA-3 0 ) specific for a 203 bp region encompassing the kB binding sites in the HIV LTR were used for PCR amplification. To detect downstream HIV sequences, primers directed against the Pol gene with sequences 5HIVDS (5 0 -TGACTCAGATTGGCTGCAC-3 0 ) and 3HIVDS (5 0 -AATTTCTACTAATGCTTTA-3 0 ) were employed. To detect sequences in the coding region of the b-actin gene (b-actin DS), oligonucleotide primers with the sequences 5DSBACT (5 0 -GTCGACAACGGCTCCGGC-3 0 ) and 3DSBACT (5 0 -GGTGTGGTGCCA GATTTTCT-3 0 ) were used. To detect sequences in the 5 0 flanking region of the b-actin gene, primers were targeted at a region 4 kb upstream of the b-actin gene with sequences 5USBACT (5 0 -GCCAGCTGCAAGCCTTGG-3 0 ) and 3USBACT (5 0 -GCCACTGG GCCTCCATTC-3 0 ). Amplification was performed using Taq polymerase (Qiagen) for 35-40 cycles and products were analyzed on 2.5% agarose gels. Images were acquired with an EagleEye II digital imaging system (Stratagene). Specific enrichment in HIV LTR DNA was quantitated by real-time PCR analysis of ChIP eluates, normalized to enrichment in nonspecific actin DNA. All values are reported in fold-enrichment relative to no-antibody control ChIP eluates.
RNA extraction and analysis of initiated and elongated HIV transcripts J-Lat 6.3 cells (1 Â10 6 cells/ml) were treated with TSA (100 nM) or TNF-a (20 ng/ml) for 2 h at 371C. For analysis of HIV mRNA synthesis in nucleofected primary T cells, RNA was extracted from 0.5 Â10 6 cells with an RNAWiz kit (Ambion). RNA transcripts were quantitated with the QuantiTect SYBR Green RT-PCR kit (Qiagen). To quantitate viral transcripts, serial dilutions of a quantitated RNA stock of full-length viral genome were used as a reference standard (gift of R Grant). Initiated transcripts were detected with primers HIVTAR5 (5 0 -GTTAGACCAGATCTGAGCCT-3 0 ) and HIVTAR3 (5 0 -GTGGGTTCCCTAGTTAGCCA-3 0 ). Elongated transcripts were detected with primers HIVTat5 (5 0 -ACTCGACAGAGGAGAGCAAG-3 0 ) and HIVtat3 (5 0 -GAGTCTGACTGTTCTGATGA-3 0 ). b-Actin mRNA copies were quantitated with primers b-actin5 (5 0 -GTCGA CAACGGCTCCGGC-3 0 ) and b-actin3 (5 0 -GGTGTGGTGCCAGAT TTTCT-3 0 ) specific for a 239 bp region in the b-actin mRNA and samples were normalized for b-actin copies. Fluorescence profiles were collected on an ABI 7700 real-time thermal cycler and analyzed with SDS v1.91 (Applied Biosystems). The absence of nonspecific bands in RT-PCR products was confirmed on 2% agarose gels.
Immunoblotting analysis J-Lat 6.3 or stably transfected J-Lat 6.3 cells were pelleted and lysed on ice in egg lysis buffer (ELB) for 20 min and clarified by microcentrifugation. Protein concentration was quantitated using the Bradford protein assay (Bio-Rad), and 10 mg of each sample was added to an equal volume of 2 Â Laemmli buffer and heated to 951C for 5 min. Samples were separated on 10% acrylamide Tris-HClbuffered SDS-PAGE gels (Bio-Rad), transferred to polyvinylidene difluoride membranes, and immunoblotted with anti-NF-kB p50, RelA (Santa Cruz Biotechnology), anti-FLAG, or anti-b-tubulin (Sigma) antibodies.
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